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Vesicular-arbuscular mycorrhizae of the yellow poplar
(Liriodendron tulipifera) has been examined by transmission
electron microscopy. The morphology and distribution of
endophytic structures have been observed. The structural
basis of the host-parasite interactions has been noted.
The effect of the fungus on the existence of the host cell
and the host cell's reaction to the fungus have been observed.
The fungus has been found to be endornycorrhizal and
mainly colonizes the innermost zone of cortical cells of
young roots. It appears as if the fungus may move through
the cells of the root cortex by both mechanic and enzymatic
activities. It grows intracellularly through these cells,
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producing twisted masses of hyphae within them. Inter¬
cellular hyphae were also observed in the central and
inner zones of the root cortex. Endoderraal cells, stelar
elements and meristems are not invaded. Colonized roots are
slightly swollen at their tips and may be dichotomously
branched.
The fungus apparently produces substances that cause the
breakdown of cellular constituents of the host. Fungal
structures are, in turn, acted upon and degraded by the host
cell. Deteriorating fungal structures appear as densely
stained amorphous masses in the central portion of the cell.
All fungal structures were enclosed by an investing layer
of host wall-like material and a thin band of host cell
cytoplasm during development and at maturity. Intact and
degraded clumps of hyphae were generally found in the same
cell.
In infected cells, host nuclei may enlarge and become
distorted; the quantity of host cytoplasm increases; endo¬
plasmic reticulum becomes more abundant; host cell mitochon¬
dria become more abundant; numerous small vacuoles form
from the large central vacuole, and there is an absence or
reduction in the amount of starch in the cell. Intracellular
vesicles were observed in the heavily infected inner region
of the cortex.
Chlamydospores formed by the endophyte in the root cells
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There is now conclusive evidence that many vesicular-
arbuscular mycorrhizae are formed by species of Endogone.
Because of the difficulty in isolating these endophytes,
their identities long remained a mystery. Many investigators
have attempted to isolate endophytic fungi from mycorrhizae;
however, in nearly every instance, they obtained common
soil-and root-inhabiting fungi rather than a true endophyte.
Therefore, most of the knowledge about vesicular-arbuscular
mycorrhizal fungi has not been obtained with pure cultures.
Renewed interest in vesicular-arbuscular mycorrhizal
associations was stimulated by Mosse's demonstration of
vesicular-arbuscular mycorrhizal development by a species of
Endogone, and the correlation of increased plant growth with
mycorrhizal infections. This work prompted considerable
mycorrhizal research during the last decade with the focus
mainly on the relationship of mycorrhizal associations with
improved plant nutrition.
Light microscopic studies of vesicular-arbuscular
mycorrhizae have included descriptions of the distribution,
development, and digestion of fungal structures in the root.
However, resolution and depth of field at the light micro¬
scope level are limited and are especially restrictive in
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determining detailed morphology and spatial relationships
of endophytic structures within host cells. Due to these
limitations vesicular-arbuscular mycorrhizae on various
hosts have been examined increasingly at the ultrastructural
level.
Until quite recently only limited work had been done
on the ultrastructure of endophytic mycorrhizae in yellow
poplar. The yellow poplar is a common native forest tree,
it grows rapidly, and is useful in several commercial and
ecological ways. Mycorrhizal development is common and it
appears to represent a model system that could be used to
investigate the ultrastructural relationship of
endomycorrhizae.
Light microscope observations on yellow poplar
mycorrhizae was.the subject of a previous study of the
author (Fitzpatrick, 1975). Endophytic hyphae were found
to be abundant in the cortical cells of yellow poplar roots.
This study was designed as an extension of the light
microscope (LM) observations. It has as its objectives an
elucidation of the fine structural relationship.s that occur
intracellularly between the fungal endophyte and the host
cell, the intercellular relationships between fungal hyphae
and host cell walls, and the fate of hyphal masses of the
fungus and their effect on the existence of the host cell.
CHAPTER II
REVIEW OF LITERATURE
Since Frank's recognition in 1885 (Meyer, 1964) of a
symbiotic relationship between tree roots and fungi and
his introduction of the term mycorrhizae, or "fungus root,"
to denote this unique structure, much has been recorded
about this interesting phenomenon. The intimate associa¬
tion between a fungus and roots of trees is no longer
regarded as uncommon in nature, but rather as a general
rule. It is now known that roots of both cultivated and
uncultivated plants are usually infected with mycorrhizal
fungi. The morphology of these infected roots, the
mycorrhizae, varies considerably from one group of plants
to another, and each type of mycorrhiza has a characteris¬
tic group of fungi capable of producing it.
From the standpoint of anatomical structure three
forms of mycorrhizae have been recognized. The three forms
include "ectomycorrhizae," the type wherein the fungus
develops as a mantle outside of the root and between the
outer cortical cells as a Hartig net; "endomycorrhizae,"
the type wherein the fungus grows within cells of the root
cortex and does not form a Hartig net; and "ectendo-
mycorrhizae," the type wherein the fungus forms a Hartig
net between the cells of the cortex and also establishes
itself within these cells.
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The ectomycorrhlzal type, while it has been studied
more than, any other kind, is not the most common. It is
restricted almost entirely to trees in a relatively small
number of families. Members of the Pinaceae, Fagaceae,
and Betulaceae are nearly always ectomycorrhlzal. In
addition, several other antiosperm families viz., Sali-
caceae, Juglandaceae, Tiliaceae, Mytraceae, and
Caesalpinaceae, have both ectomycorrhlzal and endomycorrhi-
zal species, with both types occurring occasionally on the
same species. Under some conditions, ectendomycorrhizae
develops on some ectomycorrhlzal species, and may be
considered a modification of the ectomycorrhlzal type.
Endomycorrhizae are divided into two subgroups; those
produced by septate fungi and those produced by nonseptate
fungi. Those produced by septate fungi occur primarily on
members in the Orchidaceae, Gentianaceae and Ericales.
Endomycorrhizae formed by nonseptate fungi, often referred
to as phycomycetous or vesicular arbuscular (VA) mycorrhizae,
occur on more plant species than any other type. This
type of mycorrhiza produces very little change in external
root morphology. If one excludes ectomycorrhlzal species,
endomycorrhizal species with septate endophytes, and a few
families which may be non-mycorrhizal, the remaining plant
groups have VA mycorrhizae.
According to Gerdemann (1968), Dangeard in 1900 was the
first to name a VA fungus. He described a typical VA
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mycorrhiza on poplar and named the endophyte Rhizophagus
populinus (Gerdemann, 1968). Peyronel (1923, 1924, 1937)
was the first to suggest that the VA fungi were Endogone
species. By tracing hyphae from Endogone sporocarps to
mycorrhizal roots, he obtained the first evidence for the
identity of endophytes. Later, Butler (1939) noted the
resemblance of vesicles of VA fungi to chlamydospores of
Endogone, and he concluded that the fungi were probably
Endogone species that had lost their ability to form
sporocarps (Gerdemann, 1968).
According to Gerdemann and Trappe (1974), in 1922
Thaxter recognized four genera in the Endogonaceae, viz.,
Endogone, Sclerocystis, Sphaerocreas, and Glaziella. They
reported that in 1935 Zycha transferred the one species of
Sphaerocreas recognized by Thaxter to Endogone.
According to Gerdemann and Trappe (1974), the genus
Endogone, as recognized by Thaxter in 1922, Zycha in 1935,
Nicolson and Gerdemann (1968), and Zycha et (1969),
consists of several diverse elements that may not be closely
related. Therefore, they have divided Endogone sensu lato
into four genera. The four genera include Endogone (Link,
1809) which is sporocarpic with zygospores formed above
the point of union of two gametangia or budding from the
larger of the two, at least one species being ectomycorrhi-
zal; Glomus (Tulasne and Tulasne, 1845), which is sporo¬
carpic or nonsporocarpic with chlamydospores generally
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formed terminally on a single undifferentiated hypha, most,
if not all, species probably endomycorrhizal; Gigaspora,
nonsporocarpic with azygospores (?) borne on a large suspen-
sor, all known species endomycorrhizal; and Modicella
(Kanouse, 1936), sporocarpic with thin-walled sporangia,
mycorrhizal relationships unknown.
Gerdemann and Trappe (1974) have recently described an
additional new genus, Acaulospora. Two previously undescribed
species have been placed in this genus. Acaulospora is non¬
sporocarpic with azygospores (?) borne singly or laterally
on a hypha which terminates nearby in a large thin-walled
vesicle. Gerdemann and Trappe report that Acaulospora species
form endomycorrhizae resembling those produced by Glomus.
Two other closely related genera have also been described.
One, Sclerocystis, is very closely related to Glomus, differ¬
ing from it only in the orderly arrangements of chlamydo-
spores within the sporocarps. Sclerocystis species produce
endomycorrhizae indistinguishable from those formed by certain
species of Glomus.
The other genus is Glaziella. It is also considered to
be closely related to Glomus, differing from it in that the
chlamydospores are borne within the walls of large hollow
sporocarps. Glaziella is known only from tropical lowlands
and has never been collected in the Northeast. Its mycor¬
rhizal relations are unknown.
As previously mentioned, vesicular-arbuscular (VA)
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mycorrhizae are nearly universal in their occurrence on
flowering plants. They occur under natural soil conditions
and the fungi involved in these associations constitute an
important component of the soil microflora.
Mode of Infection
The mechanism of wall penetration by obligately parasi¬
tic fungi has long been a subject of speculation and many
plant pathologists have suggested that the mode of entry is
mechanical. However, most authors appear to support the
notion that the germ tube softens and dissolves areajs of the
cuticularized epidermal wall and penetrates it in the same
way as it does a cellulose wall.
According to Brown and Harvey (1927), in 1894 Miyoshi
concluded from his experiments that chemotrophic fac.tors are
fundamental in determining the penetration of fungal germ
tubes. Smith (1900) found that where hyphae of Eryslphe
graminis came in contact with geranium leaves a deep staining
of the outer wall occurred. Since he found that occasionally
at crosswalls the epidermis stained where haustoria were not
present, little significance was attached to this report,
Blackman and Welsford (1916) also made a careful study
of the early stages of infection by Botrytis cinerea, paying
particular attention to the phenomenon of cuticle penetration.
They observed the action of a powerful enzyme extract of
the germ tubes of Botrytis cinerea when placed upon uninjured
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leaf cuticle. They noted that such an extract was unable
to exert any swelling or dissolving action on the tissues
of the leaf when placed on the uninjured cuticle, although
when injected into the leaf it rapidly brought about dis¬
organization of the tissue. According to Blackman and
Welsford, the germ tube secretes a mucilaginous sheath which
holds the germ tube firmly in position and enables it to
exert the appropriate pressure. They found that penetration
of Botrytis cinerea germ tubes could occur without the
development of an appresorium.
Waterhouse (1921) studied the infection of Berberis
vulgaris by the sporidia of Puccinia graminis. According to
Waterhouse, penetration of the cuticle is brought about by
means of a fine style-like infection hypha which may be put
out either from the end of a definite germ tube or from a
short beaklike outgrowth of the sporidia. He stated that
there is no evidence of any chemical action upon the cuticle.
The puncture of the cuticle appeared to be brought about
solely by the mechanical pressure exerted by the infection
hypha as it develops from the germinating sporidium or germ
tube. Furthermore, the sporidial beak or germ tube from which
the infecting style grows is firmly attached to the leaf by
means of a mucilaginous investment. Waterhouse further re¬
ported that as soon as the infecting style penetrates the
epidei'mal wall it swells into a yesicle from which the myce¬
lium arises.
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Brown and Harvey (1927), after reviewing the works of
Miyoshi and those done in 1906 by Fulton and 1916 by Graves,
concluded that the mode of penetration of fungal germ tubes
into host cells is purely mechanical. The work of Melander
and Scott (1927) with Pucclnia graminis on Berberis supports
the mechanical theory.
Corner (1935), while working with Erysiphe graminis,
spoke of a discoloration occurring in the infection zone.
He attributed this to a cytase enzyme which diffused from
the penetration process and altered the cellulose wall.
Smith (1938) points out that while an infection hypha
is still within the cell wall, a halo area is often visible
immediately around its tip. He concluded that this feature
indicates that materials have been dissolved by the fungus as
it penetrates into the cell.
Lupton (1956), who worked with E. graminis in barley,
reported that the presence of halos about infection pegs
depended upon environmental conditions and the susceptibility
of the host. He found that blue halos occurred, after strip¬
pings were stained with cotton blue, in resistant barley
varieties and in susceptible varieties which were kept under
conditions unfavorable to infection. Lupton mentioned that
halo production was the mainfestation of a "bruising" of the
epidermis below the point of penetration and that it might
be caused by the diffusion of an enzyme produced by either
host or parasite, or might be purely a mechanical effect of
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the physical action of the fungus as it penetrates the epi¬
dermal cell wall.
Gerdemann (1965) studied infection by Endogone
fasciculata in maize and tulip tree. He reported that the
fungus forms an appresorium and penetrates the epidermis
directly. Enzymatic action was not observed. Akai et al.
(1968) reported a crack across the center of the halo and
they thought that this might indicate that the penetration
pegs intrude into cell walls in part by mechanical means
rather than by enzyme action alone. Recently Edwards and
Allen (1970) have suggested that the penetration in E.
graminis consists in the dissolution and digestion of the
cellulose portion of the epidermal wall by an enzyme apparent¬
ly secreted by the infection peg followed by a mechanical push
of the infection peg through the papilla.
Manocha and Lee (1971) reported that the penetration of
Piptocephalis virginiana in Choanephora cucurbitarum probably
involves a mechanical process. Changes in the structure of the
cell wall of the feature host, generally accompanied by
enzymatic penetration, were not observed. However, they stated
that it does not rule out the role of enzymatic penetration
in this system.
According to Bushnell (1972) several types of evidence
indicates that infection pegs of haustorial fungi penetrate
the walls of host cells with the help of enzymatic digestion.
He further states that the "halo" region on the host cell wall
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around the infection peg of powdery mildew function stains
differently than does the normal cell wall, regardless of
whether the specimen is stained for light or electron micro¬
scopy. According to Bushnell, similar, though less distinct,
alterations are visible near infection pegs of rust fungi.
The wall in the halo region also has an altered fibrillar
structure.
The mode of penetration of epidermal cell walls of
Vicia faba by Botrytis cinerea was investigated by McKeen
(1974). McKeen observed that the infection peg of B, cinerea
did not indent the cuticle before penetration which would
indicate chemical degradation at the tip of the blunt in¬
fection peg. He reports the presence of indigo blue crys¬
tals in the tip of the germ tubes until penetration is
effected, a feature that he considered as supportive of the
enzymatic theory. According to McKeen, purely mechanical
penetration of the cuticle would seem to be ruled out, also,
because the area of contact between the tip of the germ tube
and cuticle is not sufficiently large to reasonably withstand
the back thrust which would be required to force a blunt
peg of relatively great diameter through the cuticle.
Furthermore, it seems that passage through the cuticle is not
accomplished by either chemical or mechanical means alone but
by the pathogen pressing against the host cuticle in a rela¬
tively small area and excreting a limited amount of cutinase
for a short time through the fungal plasmalemma which covers
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the blunt tip of the infection peg,
Lalonde and Knowles (1975) reported that electron micros¬
copy observations suggested that the penetration of the host
cell wall was chemical rather than physical. According to
these investigators, during the growth of the endophyte in the
host cell wall, the endophyte hypha was seen to bifurcate in
the lamella, which suggests a facility to degrade the methyl
uronides and the pectates known to be present in the middle
lamella.
Kinden and Brown (1975), who worked on VA mycorrhizae of
yellow poplar, reported that alterations of the middle lamella
at points of hyphal penetration indicates that wall penetra¬
tion may be partially mediated by enzymatic processes. They
reported that Scannerini and Ballando (1968) and Kaspari (1973)
have also suggested that enzymes may be involved in cell wall
penetration by VA endophytes in Ornithogalum umbel latum and
tobacco, respectively. Kinden and Brown also pointed out that
structural alterations noted in the middle lamella in their
study appeared to be identical with those illustrated by
Kaspari. They state that although appresoria or appresoria-
like structures were not produced, it appears that penetration
of cortical cell walls by VA mycorrhizal fungi is not strictly
a mechanical process.
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According to Kinden and Brown, the continuity of the
wall layer enclosing the trunk of the infecting hyphae
with the host primary cell wall and their nearly identical
texture and staining properties clearly indicates that the
investing layer was derived from the host. Furthermore,
while wall deposition was a consistent host response to
cellular invasion by the endophyte, it was apparent that
such deposition did not occur at a sufficiently rapid rate
to prevent or restrict development and/or function of
the arbuscules.
Host Reaction to Penetration
During the latter part of the nineteenth century it
seems to have been quite generally accepted that parasitic
fungi are nourished in some way by their mycelium, "by
imbibing juices impregnated with the peculiar principle of
the matrix on which they grow" (Smith, 1900).
According to Smith (1900), investigations of host
parasite relations received a stimulus from economic
considerations, when, in 1845, a destructive grape disease
appeared at Margate, England. Smith reports that Tucker,
a gardener there, was led to a study of a mildew' on the
vines and published the results of his study in the
Gardener's Journal of 1847. Smith states that the inter¬
cellular existence of the fungal mycelium led Tucker to
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believe that the fungus was a parasite. Tucker's views
were later confirmed by other investigators.
From England the disease spread to France and appeared
at Versailles in 1848. By 1851 it had spread all over
Europe. According to von Mohl (Smith 1900), Visiani
believed that he had found root-like organs arising from
Haftorgane (later named appresoria by Frank) and penetrated
into the epidermal cells of the grape leaves. It seems
probable then that Visiani was the first to see what we
now call haustoria, and in his comparison of them to the
roots of higher plants, he was the first to obtain a
conception of those functions by which the parasite nourishes
itself (Smith, 1900).
According to Smith (1900), DeBary appears to have been
the first to work out the structure of the haustoria. He
reports that DeBary's contributions to the subject are by
far the most important and embrace the most of what is known
of these organs. The minute structure and especially the
development of the haustoria were almost entirely unknown
up to that time.
It appears that formation of a collar region around the
necks of haustoria is a feature of host response to
penetration. Similar structures have been reported in
different host-parasite interactions and have been given
various names such as callosities (Young, 1926), sheath
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(Fraymouth, 1956), encapsulation (Ehrlich and Ehrlich,
1963), and "Zone of Apposition" (Peyton and Bowen, 1963).
According to Young, the term "callosity" is used to
designate local additions to host cell walls caused by
stimulation by penetrating hyphae. He states that with
few exceptions each callosity encloses a prominent
structure resembling a brightly shining dot or slender,
angularly irregular line which has been termed the
penetrating hypha." Moreover, many direct connections
between appresoria and callosities are seen. On the other
hand, the term "sheath" has been used by Fraymouth (1956)
and earlier workers to describe the structure partly or
completely surrounding the haustorium that is clearly a
continuation of host cell wall, as well as to describe
structures that.the electron microscope has shown to be of
different composition and separate from host cell wall.
Smith (1938) reports that concurrent with the early
stages of penetration, an ingrowth from the cell wall,
which appears to be an addition of new materials to its
inner surface, develops at each point of penetration.
According to Smith, the host cell nucleus moves toward the
invading fungus. He noted that the host nucleus was nearly
always located near the invading fungus and in all probability
migrated to that position. He also noted that the host
nucleus was never located away from the haustorium sheath.
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regardless of whether the haustorium was at the center of
the cell or at one side of it. Smith believes that this is
the usual relationship between host nucleus and fungus
haustorium.
On susceptible plants there is no apparent antagonistic
reaction between host and parasite. The fungus develops
rapidly, and the contents of the invaded host cell appears
to be as well organized as the contents of non-infected
ones (Smith 1900).
Thatcher (1942) conducted studies of osmotic perme¬
ability relations in parasites. He observed that the much
greater osmotic value of the fungus enables it to absorb
water from cellular contents. This explanation indicates
why a parasite invariably has a higher osmotic pressure
than its host. According to Thatcher, some solutes are
able to diffuse from the living cells when permeability is
modified and this would ultimately get into the free sap
in the vicinity of the fungus, where all assimilable
solutes are available to it.
Allen (1954) reports that infection with both obligate
and facultative parasites is followed by marked increases in
the rate of respiration of the host tissues. He states that
photosynthesis, while it may or may not be stimulated at
first, always decreases within a few days after infection.
Moreover, with rusts and powdery mildews, increased
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respiration and decreased photosynthesis are accompanied
by the accumulation of various substances.
Allen (1956) believes that there remains the question
as to whether accumulations occur primarily in the fungus
or in the host tissue at infections of obligate fungal
parasites. Allen supports the views of other investigators
that various substances accumulate in the tissues of the
host, whence they may become available to the parasite.
Many recent studies on host-parasite relations at a
cellular level pertain to fungi parasitic on higher plants
(Ehrlich and Ehrlich, 1963; Peyton and Bowen, 1963; Shaw
and Manocha, 1965; McKeen e^ , 1966; Bracker, 1968;
Zimmer, 1970). They were mostly concerned with the
structure of the haustorial apparatus and the interpretation
of the interface (Bracker, 1968) and have not provided an
answer to problems such as mechanisms of parasitism and
nature of disease resistance. However, fine structural
studies of the host-parasite interface are a logical step
toward understanding the interactions of obligate parasites
with their hosts. Moreover, fine structural studie.s of the
haustorial apparatus of a number of fungal parasites on
higher plants have revealed some common features of
organization.
Moore and McAlear (1961b) published the first descrip¬
tion of the fine structure of fungal haustoria in their
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study of Uromyces caladil infecting Arisaema triphyllum.
Peyton and Bowen (1963) described the haustorial-host
interface of Peronospora manshurica in leaf cells of
Glycine max. Peyton and Bowen concluded that the evidence
was strong in favor of the presence of a specific secretory
process induced in parasitized cells. They suggested that
the secretory bodies are formed in the host cytoplasm, then
move to the plasma membrane, and discharge their contents
into the zone of apposition. (The "zone of apposition"
being the zone of material between the haustorial wall and
host cytoplasm). In addition, Peyton and Bowen suggested
that the increase in volume of the cytoplasm coupled with
the apparent increase in concentration of ribosomes suggest
that infected host cells have an increased capacity for pro¬
tein synthesis which should directly or indirectly benefit
the parasite. They postulated that specific genetic informa¬
tion from the parasitic nucleus, perhaps via RNA, may direct
the synthesis of unique proteins in the host and directly
or indirectly initiate the formation of secretory bodies
which are subsequently discharged through the host plasma
membrane into the zone of apposition. Furthermore, it was
assumed that the parasite depends upon its host for the
synthesis of certain unique compounds; this would assist
in explaining the high degree of host-parasite specificity
generally exhibited by obligate parasites.
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Ehrlich and Ehrlich (1963) described an "encapsulation”
around haustoria of Puccinia graminis that very probably
corresponds to the region called the "zone of apposition"
by Peyton and Bowen (1963). They suggest that at least a
portion of the encapsulation in P. graminis may be fungal
cytoplasm, and they describe "channel like areas" in the
haustorial wall apparently connecting this region with
the haustorial cytoplasm proper. Ehrlich and Ehrlich
observed invaginations of the host plasma membrane adjacent
to haustoria of P. graminis in wheat cells. They suggest
that these invaginations represent a pinocytotic reaction
on the part of the host.
The results of Shaw and Manocha (1965) support the
view that the haustoria of Puccinia graminis tritici
invaginates, but does not penetrate, the protoplasts of
the mesophyll cells of wheat. Shaw and Manocha state that
the results of their studies confirm the views of Thatcher
(1942) and Fraymouth (1956), who were able to separate
haustoria of P, graminis and Peronospora from invaginated
host protoplasts by plasmolysis. However, they did not
obtain any evidence for the presence of cytoplasmic
connections between haustoria and invaded host cells of the
kind described by Ehrlich and Ehrlich (1963).
According to Shaw and Manocha, the cell wall of the
invaded host cell was found to,form a sheath around the
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neck of the haustorium, as previously described by Ehrlich
and Ehrlich (1963). They point out that their observations
are in agreement with those of earlier workers (Peyton and
Bowen, 1963; Berlin and Bowen, 1964), who reported that the
haustorial wall was separated from the plasma membrane of
the host by an encapsulation. In addition, infected host
cells were reported to (1) contain additional amounts of
endoplasmic reticulum around haustoria, (2) show a marked
contraction in the size of the central vacuole, by the
formation of a number of small vesicles, and (3) show an
apparent increase in the volume of the cytoplasm.
Gerdemann (1965) reported that growth of Endogone
fasciculata through the cortex of the tulip tree is almost
entirely intracellular. Only a few intercellular hyphae
were observed. He stated that as the fungus grows through
the root, it produces complex coils in the cells. He
further stated that the fungus does not penetrate the
endoderrais and the layer of cortical cells nearest the
endodermis is usually free of infection.
According to Gerdemann, the arbuscules are confined
almost entirely to the two layers of cortical cells external
to the innermost cortical layer. He points out that the
first signs of digestion of arbuscules is the appearance
of a fine granular material around the structure. Later,
degraded clumps of hyphae and arbuscules appear as globose
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masses in the central portion of the cell.
Intercellular and intracellular vesicles were observed
in the roots of tulip trees by Gerdemann. He reported that
these vesicles were large and, if produced in abundance,
could severely damage or nearly destroy the cortex.
McKeen ^ (1966) reported that the haustoria of
Erysiphe cichoracearum are scattered in a random fashion
in the epidermal cells of sunflower. According to McKeen
et al. , haustoria are apparently formed only at the
advancing edge of the lesion because they are more numerous
in old than in young lesions. They point out that after
infection occurs, there is a gradual increase in the
volume of host cytoplasm in the infected cell aver a
4 to 5 week period, until the cell is completely filled
with protoplasm.- Thus, the increase in cytoplasm makes
possible an increased capacity for synthesis, which would
compensate for nutrient loss to the parasite.
Chilvers (1968) reported that on the basis of light
microscope studies, Clowes (1954) concluded from indirect
anatomical evidence that the root cap cells of ectotrophic
mycorrhizae are decomposed within the fungal mantle.
Low magnification micrographs of eucalypt mycorrhizas
provided direct evidence confirming Clowe's conclusion.
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According to Chilvers, fungal hyphae penetrate into the
root cap cells from haustoria and grow through them,
subdividing the dark tannic substances within into
successively smaller fragments until only small slivers
remain in the spaces between hyphae. He points out that
the outermost root cap cells are found dismembered in this
way right up to the tip of root cap.
Bracker (1968) made a detailed investigation of
haustorial structure and the relationship of fungal and host
components at the ultrastructure level between Erysiphe
graminls D.C.F. sp. hordei and a susceptible barley host.
He reported that the mechanism by which haustoria of
different fungi obtain nutrients from their host cells may
differ. He stated that secretory bodies (Peyton and Bowen,
1963) represent a mechanism aiding in the uptake of
material by the haustoria of Peronospora manshurie. In
addition, Bracker contended that the contents of the
secretion bodies are liberated into the "zone of apposition"
where they may be acted upon by the fungus. He points out
that channels through the haustorial walls of P. graminis
were reported to be large enough to permit an exchange of
metabolites between the haustorium and the "encapsulation."
According to Bracker, the situation in E. graminis
indicates that the nutrition of this fungus is accomplished
by transport of material from the host protoplasts across
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the sheath membrane to the surface of the haustorium.
Dorr and Kollman (1969) have reported that when
Neottia nidus-avis (L.) L. C. Rich (Orchid) root cells
are attacked by a fungus, the nucleus moves to a central
position in infected cells. They state that the fungal
hypha is clearly separated from the Neottia plasm by a
distinct membrane which quite often appears stained to an
unusually high degree. They further state that residues
of digested hyphae are found deposited as compact clusters
of wall material within the center of some Neottia cells.
From this it can be seen that the fungal cytoplasm is
eventually completely absorbed.
Zimmer (1970) investigated the fine structure of
intercellular hyphae and intracellular haustoria of
Puccinia carthami and noted that they closely parallel
that of other Puccinia species. Zimmer reports that
lomasomes occurred both in haustoria and hyphal cells
and were believed to be involved in cell wall deposition
rather than absorption.
According to Chou (1970) the fungus may penetrate
at the junction of epidermal cells and has been reported
also in parasitic fungi other than Peronospora parasitica.
Chou reports that Brown and Harvey (1927) considered it to
be a "well known tendency." Chou's observations of early
stages of haustorium initiation suggest that the host
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plasmalemma appeared to undergo considerable proliferation
at the same time as its invagination by the invading
haustorium, giving the appearance of a much convoluted
and folded membrane wrapping around the haustorial initial.
This is again covered by a mould like sheath which is
bound externally by a membrane generally supposed to be a
part of the host plasmalemma.
Chou points out that the sheath surrounding a haustorium
is a prominent feature of the host response to the penetra¬
tion, however, similar formations can perhaps be induced
not only by fungal penetration but also by mechanical
injury (Ito, 1949). Variations in haustorial structure
within one group of fungi due to different host combinations
are well documented (Fraymoutn, 1956; Rice, 1927).
Hadley et (1971) examined the fine structure of
orchid mycorrhizae to see whether the interface between
host and fungus showed any special features which might
be related to transport across it or to any reaction
between host and fungus. They found two obvious
special features which they believe might be concerned with
the transfer of materials between the living fungus and the
host cell. First, invaginations of the host plasmalemma
occurred and in one section they appeared to be connected
to complexes of vesicles in the central vacuole of
hyphae. Second, protuberances occur on the outside of the
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walls of intracellular hypha. Hadley £t a^. suggest
that these protuberances increase the surface area of
the fungus wall in contact with the host cell plastnalemma.
They point out that no such structures appeared on hyphae
grown on agar in the absence of the host.
The examination of Hardwick ^ (1971) of the fine
structure of the haustorium of Uromyces appendiculatus in
Phaseolus vulgaris revealed a previously undescribed
structure, the neckband, a short zone of darkly staining
deposit in the stem of the haustorium. Hardwick ^ al.
point out that the neckband occurs above the part of the
wall of the stem which is associated with the sheath around
the base of the haustorium and below the wall of the two
distinct layers belonging to the body of the haustorium.
They see the neckband in Uromyces as marking the close of
a phase in which the growth of the parasite is constrained
by deposits produced by the host and the beginning of a
second phase in which the parasite expands in the host
cytoplasm, invoking new responses but not necessarily
immediately terminating all the activities initiated in
the first place.
Held (1972) conducted a physiological and ultra-
structural investigation of the relationship between two
phycomycetous fungi, the obligate intracellular parasite,
Rozella allomycis Foust, and a host species of the
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saprophytic genus Allomyces Butler. Held investigated
this bifungal system because it provides a useful model
for study of dependence of obligate parasites upon living
cells (Emerson, 1950). His observations suggest that
penetration of Rozella depends on this parasite’s stimulating
a localized response of inward growth of the host wall.
According to Held, the indication that growth does indeed
take place is supported by the appearance of lomasomes.
Thus, the reaction which Rozella stimulates may be related
to innate processes of inward extension of the wall (e.g.,
septum formation) which involves renewed or secondary
growth or a mature area.
Lutz and Sjolund (1973) used the light miicroscope,
scanning electron microscope, and the transmiission electron
microscope to investigate the mycorrhizal stiructures
observed in Monotropa uniflora. They reported that it
seemed likely that Monotropa has evolved from a green plant
which developed such an efficient mycorrhizal relationship
that later loss of photosynthetic activities did not negate
its ability to acquire carbon. According to Lutz and
Sjolund, M. uniflora has ectendotrophic mycorrhizal fungi
with dolipore septa associated with the roots. They point
out that where other studies reveal fungal invasions which
are nutritionally exploiting green plants, Monotropa, on
the other hand, appears to be nutritionally exploiting the
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fungus. Furthermore, special transfer regions are found
in the root cell wall ensheathing all but the ruptured
tip of the fungal intruder.
In recent years investigators have confirmed the
actinomycetal nature of the endophytes in several of the
non-legume angiospermous root nodules in Hippophae
rhamnoides (Gatner and Gardner, 1973). The investigation
of Gatner and Gardner (1973) along with those of Gatner
(1971) constitute the first conclusive proof, at least
for the endophyte of Hippophae and Myrica, respectively,
that the vesicle stage is a direct result of the terminal
swelling of the hyphae. They contend that vesiculation
must have some important role in the metabolic processes
of the non-legume symbiosis. Their ideas are supported by
the highly septate condition of the mature vesicle together
with the occurrence of numerous plasmalemmasomes and
striated bodies within the vesicle sub-units.
Lalonde and Knowles (1975) used light and electron
microscopy to characterize the composition of and biogenesis
of the encapsulation material surrounding the endophyte in
Alnus crispa mollis root nodules. Lalonde and Knowles
demonstrated that as the endophyte emerged from the cell
wall, the host cell synthesized, transported, and deposited
a pectic substance for the encapsulation of the intruder.
They point out that this deposition of capsular material
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on the endophyte, as a defense reaction by the host cell,
may be a continuous phenomenon. However, if the endophyte
was provided with enzymes capable of degrading the cell
wall components, then the degradation of the capsule would
be a biotrophic means for the heterotroph endophyte to
obtain carbohydrate from the autotroph host.
The suggested mechanism of endophyte capsule biogenesis
is similar to cell wall formation and deposition in plants.
Encapsulation of wall material is typically present around
haustoria of both obligate and non-obligate parasites.
In a recent paper by Coffey (1975) he reports that
certain ultrastructural features of the haustorial
apparatus of the white blister fungus Albugo Candida clearly
distinguishes it from that of either the downy mildew fungi
(Chou, 1970; Peyton and Bowen, 1963), the heterobasidio-
mycete rust fungi (Coffey, 1975; Littlefield, 1972) or the
powdery mildew fungi (Bracker, 1968). Coffey points out
that the absence of nuclei in the haustorial body of A.
Candida is thus far unique among the fungal parasites of
higher plants. He states that whether this is due to the
narrowness of the haustorial neck, as hypothesized by
Berlin and Bowen (1964), is conjectural. Coffey further
states that the apparent lack of a fungal cell wall in the
distal portion of the haustorial neck of Albugo Candida is
a feature not found in other symbiotic associations involving
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haustoria-forming biotrophic fungi. Also, there is the
presence of tubules a.nd secretory vesicles associated with
invaginated host plasmalemma. In other types of symbiotic
associations involving fungi and vesicle plants, the
occurrence of tubules and vesicles is generally not a
consistent feature of the interfacial zone.
In an earlier study on the VA mycorrhizae of yellow
poplar, Kinden and Brown (1975) used scanning electron
microscopy to elucidate the morphological characteristics
of VA symbionts and have used stereoscopic techniques to
define spatial relationships of the endophyte in situ.
They reported that most of the root segments they examined
were heavily infected and showed the characteristic
distribution of VA endophytes within the root cortex. They
point out that intracellular hyphae were abundant in the
outer and central areas of the cortex. Development of
coiled hyphae was greater in the central cortical area
while the inner cortex adjacent to these cells typically
contained arbuscules. They further state that vesicles
occur predominantly in areas of extensive hyphal develop¬
ment and frequently fill the interior of host cells.
According to Kinden and Brown (1975), the morphologi¬
cal details of mature arbuscules in untreated samples are
largely obscured by host cytoplasm which surrounds these
structures. They point out that the actual cell volume
30
occupied by mature arbuscules, as well as their distinct
dichotomously branched habit, is clearly visible in cells
from which host cytoplasmic components were removed. The
arbuscules are located in the central portion of the cell
and are globose in outline.
CHAPTER III
MATERIALS AND METHODS
Yellow poplars were started from seeds and some
representing naturally occurring seedlings were used in this
study. Some yellow poplar seedlings were also ordered from
a commercial nursery. Seeds of L. tulipifera were collected
in late October (^1974) under a yellow poplar on the Spelman
College campus. Tulip tree seeds were subjected to a
schedule of cleaning and sterilization as follows: seeds of
tulip tree were placed in separate jars fitted with screw
caps. The containers were partially filled with a detergent
solution and agitated vigorously for three minutes on a
mechanical shaker. The detergent solution was poured off
and the seeds were subsequently rinsed for three minutes
under cold tap water. The containers were next partially
filled with a 20% solution of commercial clorox. The seeds
were agitated in the clorox solution on a mechanical shaker
for 10 minutes. Afterwards, this solution was discarded
and the seeds were thoroughly rinsed with sterile distilled
water. Following the sterile rinse the seeds were
separated into four equal portions, allowed to dry, and
placed in four clean sterile containers.
Seeds of the tulip tree were collected before they had
been subjected to any significant period of low temperatures.
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Whether or not these seeds would germinate without low
temperature exposure.was not known. Consequently, tests
were made to determine the effects of cold treatment upon
seed germination. Five treatments were used to test the
effect of varying lengths of cold upon seed germination.
The five treatments were: Treatment I - Fifty seeds of
tulip tree were left in a 10 C environ room for 60 days.
Treatment II - Fifty seeds of tulip tree were left in a
10 C environ room for 45 days. Treatment III - Fifty
seeds of tulip tree were left in a 10 C environ room for
30 days. Treatment IV - Fifty seeds of tulip tree were
cleaned and surface sterilized but not cold treated.
Treatment V - Fifty seeds of tulip tree which were not
cleaned, surface sterilized or cold treated.
An attempt was made to obtain fungus free seedlings
from four of the previously described batches of seeds.
From each of the batches, 25 seeds of tulip tree were
planted in vermlculite in separate germination trays,
watered, and kept covered with a sheet of plate glass. The
trays were kept under a lighted hood in the laboratory
until the first cotyledons began to emerge. At this time,
the trays were removed from the laboratory and placed in the
greenhouse for an additional two weeks. The young seedlings
were planted in 6 inch pots in a 1:1:1 mixture of sand,
peat moss and loam. The potted seedlings were placed in a
selected area outside the greenhouse.
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Tulip tree seedlings which were ordered from a
commercial nursery were also potted in a 1:1:1 mixture of
sand, peat moss, and loam. Since these seedlings were
much larger, 18-30 inches tall, they were potted in 11 inch
metal planting cans. All of the seedlings that were potted
in these experiments were later observed for initial fungal
invasion of their roots.
At two week intervals, 10 tulip tree seedlings were
removed for observation. Five from the older plants and
five started from seeds. Freehand sections were made
initially in order to assess the degree of fungal invasion.
Roots that were selected for study were first washed
in distilled water to remove excess debris. Afterwards,
sixty to seventy-five 1 cm sections were excised from each
root system and were prepared for electron microscopy.
These excised samples were cleaned and sterilized according
to the procedure described for seed sterilization. Seventy-
five root sections of the tulip tree were placed together
in separate vials fitted with screw caps. The vials were
partially filled with a detergent solution and agitated
vigorously for five minutes on a mechanical shaker. The
detergent solution was poured off and the specimens subse¬
quently rinsed for 5 minutes under cold tap water. Vials
containing the specimens were next partially filled with a
20% solution of commercial clorox and agitated for
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10 minutes. Afterwards, the solution was discarded and the
segments were thoroughly rinsed with sterile distilled
water.
Preparation of Mycorrhizal Specimens
for Electron Microscopy
The washed root samples were removed from the distilled
water, cut into smaller segments, and divided into three
equal portions. One portion was fixed in 3% potassium
permanganate, another portion was fixed in phosphate
buffered Karnovsky's fixative, and the third portion was
fixed in cacodylate buffered 3% glutaraldehyde. The
samples were allowed to remain in these fixatives for 48
hours. They were then removed from the fixatives, rinsed
several times and washed overnight in 0.2 M phosphate buffer.
After 16 hours the buffer solution was poured off and the
samples were post fixed in phosphate buffered 2% osmium
tetroxide for 12 hours at 4 C.
After fixing the samples were dehydrated and embedded.
Standard procedures (Hayat, 1972) were followed in the
dehydration and embedding process. A graded acetone series
was followed for dehydration. From 100% acetone, samples
were carried through a series of acetone-embedding formu¬
lations. Spurr's low viscosity resin mixture served as
the embedment. Following infiltration with Spurr's medium
35
the sections were placed in Beem capsules containing
Spurr's and the embedment was polymerized for 12 hours at
60 C in a vacuum oven.
Standard procedures were followed in sectioning,
mounting, and staining embedded specimens. Trimmed blocks
containing the specimen were mounted on an LKB Bromma
8800 Ultratome III and sections 3w®A or less in thickness
were cut. Sections 3w®A or less in thickness were mounted
on grids by lowering the grid flat on the sections and
collecting them on the central part of the dull side of the
grid.
Grids containing sections were stained for 15 min in
lead citrate (Reynolds, 1963) at a pH of 12.0 and post-stained
for 15 min in uranyl acetate at a pH of 3.7.
Thick sections were mounted on clean glass slides and
stained with a Safranin-Fast Green-Toluidine stain combination.
These sections were used for light microscope (LM)
observations.
LM observations were made with a Wild M-20 compound
microscope equipped with a Photoautomat. Electron microscopy
(EM) observations were made on a RCA EMU-4 electron microscope
and images were recorded on Kodak projector slide plates.
Plate enlargements were made on a S-45 Durst Plate Enlarger




The raycorrhizae of yellow poplar has been studied at
the ultrastructurallevel. Young seedlings ranging in age
from a few months to five years were examined. More than
75 seedlings of yellow poplar were examined during the
course of this study.
Some of the yellow poplar seedlings were started from
surface sterilized seeds and some were purchased from a
commercial nursery. Observations were also made of yellow
poplar seedlings collected in the field.
As previously described, sterilized seeds of the
yellow poplar were planted initially in germination trays
and were later transferred to 6 in. pots. There was a
definite correlation between cold exposure and percent
seed germination. The germination percentage was 95% for
seeds that had been cold treated and approximately 60%
for seeds that had not been cold treated.
Six weeks after germination seedlings were transplanted
to larger tin containers and placed outdoors in a selected
plot for later observations. The nursery grown seedlings
were also potted in large tin containers. At the time of
transfer the root systems of the seedlings started from
seeds were examined for evidence of mycorrhizae. No apparent
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infections were noted in any of these seedlings. The
seedlings grew well and were examined at two week
intervals for evidence of infection.
Most of the new seedlings began to show signs of
infection about 12 weeks after transplanting. The remaining
seedlings did not show evidence of infection until
approximately 16 weeks after germination. Kyphal strands
were common in the soil around yellow poplar roots that
showed evidence of infection. Sporocarps characteristic
of endomycorrhizal fungi were never noted, however.
Freehand sections were made of yellow poplar roots
suspected of being infected in order to ascertain whether
or not the fungus was present in these roots. Fungal
structures were found in many sections and the p)resence of
an endomycorrhizal fungus in the roots of yellow poplar
was confirmed. With this confirmation root segments from
yellow poplar were removed and prepared for electron
microscopy. More than 600 root segments were prepared.
In the yellow poplar, infection by vesicular-arbuscular
mycorrhizae takes place during the first year of growth,
even as early as two months after seed germination. Root
segments that appeared externally to be mycorrhizal were
found to be heavily infected and showed the characteristic
distribution of VA endophytes within the root cortex.
Intracellular hyphae were abundant in the outer and central
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areas of the cortex. It was noted that the fungus
eventually establishes itself mainly in the innermost
cortical cells. However, it does not invade the endo-
dermis, stele, or meristem.
The initial stages of infection in the yellow poplar
are similar to those of other tree species infected with
endomycorrhizae. Hyphae were not found in the act of
penetrating the epidermal cells of yellow poplar roots,
however. Instead the first observations of fungal hyphae
were within cells of the outer cortex. In several
instances, hyphae were observed to have penetrated cell
walls into adjacent cells (Fig. 1). As the fungus moves
through the outer and central areas of the cortex, the
hyphae may become constricted at the point where it passes
through the cell walls (Fig. 2).
Growth of the fungus through the cortex was observed
to be almost intracellular. However, branched hyphae were
observed growing intercellularly through the middle
lamellae in the central cortical zone (Fig. 3). In such
instances, the middle lamellae is broken down by the fungus
as it moves between the cells. Consequently, cell continuity
is destroyed as the cells are pushed apart (Figs. 4,5).
Moreover, the fungus had affected entry into several cells of
the root cortex as it continued its growth in the middle
lamellae (Fig. 6).
Fig. 1. Electron micrograph of a cross section
showing an infecting hypha entering a
cell in the outer cortex. INHy - inter¬
cellular hypha FW - fungal wall; CW -
cell wall; FN - fungal nucleus.
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Fig. 2. Electron micrograph of a cross section showing
an infecting hyphae entering an already
infected cortical cell. HaP - haustorial
profile; IL - investing layer; HN - neck of
haustorium; V - vacuole; ItrHy - intracellular





Fig. 3. Electron micrograph of a cross section showing
intercellular hyphae in the central cortex.
INHy - intercellular hyphae; FW - fungal wall;
Lib - lipid body.
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Fig. 4. Electron micrograph showing higher magnification
of an area from Fig, 3. FW - fungal wall;
Lib - lipid bodies; INHy - intercellular hyphae.
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Fig. 5. Electron micrograph also showing higher
magnification of an area from Fig. 3.
Lib - lipid body; CW - cell wall; HC - host
cytoplasm; FW - fungal wall.
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Fig. 6. Electron micrograph of a cross section of
cells showing an infecting hypha entering
a cortical cell from the intercellular zone.
IL - investing layer; HC - host cytoplasm.
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Within the root, as the fungus attempts to gain entry
into the cell, additional wall-like material builds up on
the opposite side of the cell wall. As the fungus
penetrates the cell wall it encounters this secondary
barrier, the encapsulation; to the interior of the cell.
The host cell plasraalemma invaginates around the invested
hypha as it penetrates further into the cell interior.
The structural integrity of the plasmalemma is usually
maintained and an associated band of cytoplasm surrounds
the infecting hypha (Fig. 7). An intact investing layer
with its associated band of cytoplasm may be seen around
the hypha in Fig. 8. Also shown in Fig. 8 is an apparent
host response to the presence of the infecting hypha. In
this figure membrane profiles are abundant in the adjacent
host cell. Because of the investing layer the fungus is
prevented from direct contact with host cell cytoplasm. In
advanced stages of infection, however, the plasmalemma may
rupture and only vestiges of the investing layer may persist
around the outer periphery of the fungal wall. In such
instances, direct absorption then takes place between fungus
and host cytoplasm.
Just as the host cell apparently prepares itself for
invasion by the fungus it appears as if the fungus may also
prepare to penetrate cell walls (Fig. 9). In this figure
the infecting hypha is shown to be just short of making
Fig. 7. Electron micrograph of a cross section showing
a large intracellular hypha with intact
investing layer and associated thin layer of
cytoplasm. IL - investing layer; FN - fungal
nucleus; FHy - fungal hyphae.
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Fig. 8. Electron micrograph of a longitudinal section
through the root cortex showing what appears
to be endoplasmic reticula at the left of an
infecting hypha. ER - endoplasmic reticula;
S - starch grains; MP - membrane profile;
CW - cell wall; IL - investing layer; HC - host
cytoplasm; FW - fungal wall.
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Fig, 9. Electron micrograph showing what appears to
be preparation for an attempted cell wall
penetration, CW t- cell wall; IP - infection
peg; ItrHy - intercellular hyphae,
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contact with the cell wall. A peg of material of the
same density as the fungal wall has formed at the growing
tip of the hypha. The host cell wall appears to anticipate
contact with the fungus as it seemingly has bulged outv/ard
away from the tip of the hypha. No additional buildup of
host wall material is evident at this time.
Haustoria, as well as arbuscules, are considered to be
absorptive organs of the fungus. They may assume a variety
of sizes and shapes upon entering the host cell. Some may
be long and slender, becoming bulbous at their tips, and
others may be large globose structures as shown in Fig. 10.
Although the quantity and density of all material may vary,
fungal structures were always enclosed by host wall material
and cytoplasm regardless of their position within the cell.
It is believed that direct absorption between the fungus
and host cytoplasm takes place through the clear, trans¬
lucent interspace between the fungal wall and host cytoplasm
referred to as the "zone of apposition." An haustorium in
greater detail is shown in Fig. 11.
The presence of the fungus in the host cell induced some
characteristic changes. The cytoplasm of the infected cell
became fluid and translucent around infecting fungal
structures (Figs. 12, 13), as opposed to the dense granular
cytoplasm of the cell where the fungus was not visibly
present. In many instances, mitochondria were found in
Fig. 10. Electron micrograph of a cross section showing
a clear translucent interspace between a large
intracellular haustorium and host investing
layer. ZAp - zone of apposition; HaP - haustorial
profile; MP - membrane profile; M - mitochondria;






Fig. 11. Electron micrograph of another large intra¬
cellular haustorium with greatly thickened
walls. HW - haustorial wall; HaP - haustorial
profile; M mitochondria.
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Fig. 12. Electron micrograph showing clear, translucent
cytoplasm around intracellular hyphae. HC -
host cytoplasm; HyP - hyphal profile; HP - host
profile.
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Fig. 13. Electron micrograph showing more of the cell
in Fig. 12. FV/ - fungal wall; HC - host




close proximity to infecting fungal structures. Wherever
observed, the fungus was noted to be in a state of
degradation as shown in Fig. 14. It was also noted that
the degrading fungal structures had a characteristic
granular appearance.
The heavily infected cell shows an increased
vacuolation and the complete absence or reduction in
starch (Figs. 15, 16). Hyphae in various stages of
degradation are shown in Figs. 16 and 17. The cell may
become enlarged or show an increase in its radial diameter
due to the fungal structures inside them. Consequently,
infected roots of yellow poplar are somewhat enlarged and
may have a beadlike appearance. Infected roots are also
darker in appearance than uninfected roots.
Infected cells show an increase in the quantity of
endoplasmic reticulum around haustoria (Fig. 18). And, as
previously mentioned, host mitochondria were always in
close proximity to infecting fungal structures in the. cell
(Figs. 18, 19). The significance of such action may be due
to an increased energy requirement as a result of increased
metabolic activities imposed upon the cell by the fungus.
Intracellular hyphae or haustoria contain numerous small
vacuoles within their cytoplasm (Fig. 20). The haustoria
may have greatly thickened walls and become so large until
cell components are confined to the outer periphery of the
cell (Fig. 21).
Fig. 14. Electron micrograph showing a longitudinal
section through intracellular hyphae and
haustorium. H - haustorium; NH - haustorial
neck; HaP - haustorial profile; FM - fungal
mitochondria; HC - host cytoplasm.
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Fig. 15. Electron micrograph of a cross section
showing a complete absence of starch in
an infected cortical cell. V - vacuoles;
MP - membrane profile; ItrHy - intra¬




Fig. 16. Electron micrograph of a cross section
showing intact and degraded clumps of
fungal structures in a vacuolated cortical
cell. DHy - deteriorating hyphae; Edb -
electron dense body; V - vacuoles; HC - host
cytoplasm; CW - cell wall; ItrHy - intracellular
hyphae.
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Fig. 17. Electron micrograph showing degraded and
intact pieces of hyphae in the same cell
Edb - electron dense body; V - vacuoles;
ItrHy - intracellular hyphae; HC - host
cytoplasm; DHy - deteriorating hyphae.
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Fig. 18. Electron micrograph showing endoplasmic
reticula-like membrane profiles and mitochondria
in the cytoplasm around a large intracellular
haustofium. HyP - hyphal profile; HM - host
mitochondria; MP - membrane profile; ZAp - zone
of apposition; M - mitochondria; HC - host
cytoplasm; FW - fungal wall; HaP - haustorial
profile.
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Fig. 19, Electron micrograph showing a portion of two
infected cells in the root cortex of yellow
poplar. HM - host mitochondria; EyP - hyphal
profile; HaP - haustorial profile; HC - host
cytoplasm; M - mitochondria; HyP - hyphal
profile; CW - cell wall.
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Fig. 20. Electron microtraph of a cross section
showing host cell components occupying
the periphery of the cell due to the large
intracellular haustorium. FV - fungal
vacuoles; HW - haustorial wall; ZAp -
zone of apposition; HyP - hyphal profile;
M - mitochondria; FW - fungal wall; MP -
membrane profile; CW - cell wall.
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Fig. 21. Higher magnification of the infected cell in
Fig. 20. Long ER like membranes have
completely enclosed fungal-like structures
in the cytoplasm. HyP - hyphal profile;
CW - cell wall; M - mitochondria; HW -
haustorial wall; ZAp - zone of apposition;
MP - membrane profile; HC - host cytoplasm.
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Whether a fungus lives as a symbiont or as a pathogen
within the cortical cells of a given rootlet is presumably
determined by the biochemical interactions between fungus
and host. If the fungus becomes highly virulent or
metabolically irritable to the host cell it may induce the
host to produce greater concentrations of inhibitory
substances and restrict further invasion, or enzyme systems
may be activated that cause deterioration of advancing
hyphae (Meyer, 1966), and the deterioration of fungal
structures. Similar findings were observed during the
course of this research. It was noted in this study that
degrading fungal structures generally were surrounded by
granular material. Further digestion of these structures
by the host cell produces disorganized masses of materials
located in the central portion of the cell (Figs. 22, 23).
Consequently, such defensive action by the host may
slow and finally stop further growth of the fungus, but
never fully destroy it. Thus, an equilibrium is reached
between host and fungus and the relationship is maintained.
In many instances, intact and deteriorating masses of
hyphae were observed in the same cell (Figs. 24, 25), as
previously mentioned. Intact, unaltered hyphae were
characteristically long, tapering structures which ramified
throughout the cortical zone.
Fig. 22. Electron micrograph of a cross section showing
fungal structures in various stages of
degradation. DHy - deteriorating hyphae;






Fig. 23. Electron micrograph showing host digestion
of fungal structures. V - vacuoles;
DHy - deteriorating hyphae; CW - cell wall;
INtHy - intercellular hyphae.
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Fig. 24. Electron micrograph showing an intact hypha
growing in and among deteriorating hyphal
branches. Intlly - intact hyphae; DHy -
deteriorating hyphae; IL - inve.sting layer.
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Fig. 25. Higher magnification of hypha in Fig, 24




It appears as if the fungus produces some diffusable
substances that cause the breakdown of cellular constituents.
It was observed in this study that host cell constituents
disintegrated well in advance of the growing tip of the
fungus. Intercellular substances are also broken down as
the fungus grows through the middle lamellae. And, in some
cases, the fungus was noted to completely colonize the
inner cortical region of the root (Fig. 26).
An unusual type of organelle that contained cristae-
like tubules was observed in an haustorial profile of
yellow poplar mycorrhizae (Fig. 27). Similar organelles
have been reported in mycorrhizae of pine (Foster and Marks,
1966). These organelles have not been identified.
As previously mentioned, endomycorrhizal fungi become
established in the innermost cortical zone. Vesicles of
the endophyte are produced in this area of extensive hyphal
development (Fig. 28). They formed intracellularly and
were smaller than those vesicles of Endogone fasciculata
described by Gerdemann (1969). The vesicles noted were
associated with membrane profiles (Figs. 28, 29, 30), and
are very similar to the vesicles of Endogone mosseae
described by Gerdemann and Trappe (1974).
A chlamydospore formed by the VA endophyte was observed
in the root cells of the yellow poplar (Fig. 31). Spore
formation is reported to begin when an elongating hyphal
Fig. 26. An electron micrograph snowing a heavily
colonized inner cortical cell. CW - cell
wall; TrI - translucent interspace;
HyP - hyphal profile; HC - host cytoplasm.
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Fig. 27. Electron micrograph of a longitudinal section
showing a cristae-like body in the profile at
lower right center of picture. A larger similar
body is at upper right of micrograph. HyP -
hyphal profile; CW - cell wall; CrT - cristae-
like tubule.
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Fig. 28. Electron micrograph of a section showing membrane
profiles attached to small vesicles. Ves -
vesicles; TrI - translucent interspace;
DHy - deteriorating hyphae; M - mitochondria;
S - starch grain; INtHy - intact hyphae;
Ves - vesicle.
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Fig. 29. Electron micrograph showing later development
of the previous micrograph. Ves - vesicle;
INHy - intercellular hyphae; HC - host cytoplasm
TrI - translucent interspace; HaP - haustorial
profile; CW - cell wall; DHy - deteriorating
hyphae.
ZL
Fig. 30. Electron micrograph showing portions of two
heavily infected cortical cells. HaP -
haustorial profiles; CW - cell wall; HC - host
cytoplasm; INHy - intercellular hyphae.
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Fig. 31, Electron micrograph showing a large fork
shaped hypha. Gti - germ tube initial;
Edsp - endospore; HC - host cytoplasm.
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strand simply branches at its tip to produce a forked
structure which contines to elongate. Germ tube initials
are produced at the base of both of the branched hyphae.
One of the initials elongates and grows toward one tip
of the forked shaped hyphae. The tip of the germ tube
appears to become fused or closely appressed to the tip
of the hypha. A chlamydospore then develops from the
point of union of the two structures. Further development
of the spore was not observed. However, according to
Gerdemann (1969), the spore grows out from the tip of the
larger garnetangium. The spore producing hypha showed
secondary growth (Fig. 31). The germ tube, however, did
not show secondary growth and developed from the secondary
wall of the fungus.
From the base of the previously described spore
producing hypha, a branched hypha was produced parallel to
the subtending trunk. The hypha penetrated the cell wall
and grew out into the cytoplasm of the adjacent cell. The
hypha branched just in back of its elongating tip and the
resulting two hyphae grew parallel. The two hyphae curved
over and began to encircle an unidentified mass of material
in the cell cytoplasm. The two strands continued their
parallel growth and completely encircled the mass of
material. The other hypha which developed from the base of
the spore producing structure remained at about the same
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length during the enclosure (Fig. 32). That the fungus
produces substances that causes the breakdown of
cellular constituents is well documented in the previous
micrographs.
Compared to uninfected cells (Fig. 33), infected
cells (1) contain an abundance of cellular cytoplasm,*
(2) contain additional amounts of endoplasmic reticulum
around haustoria; (3) show a complete absence or
reduction in starch; (4) show a marked contraction in the
size of the central vacuole by the formation of a number
of small vesicles, and (5) show a noticeable increase in
the number of mitochondria.
Fig, 32. An electron micrograph showing a larger
portion of the hypha in Fig. 31. CW -
cell wall; DHy - deteriorating hyphae;
ItrHy - intracellular hyphae.
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Fig. 33. Survey view of a cross section showing
uninfected cells of the root cortex.
HC - host cytoplasm; CW - cell wall; Edb -




The endomycorrhizae of the yellow poplar has been
studied at the ultrastructural level. The inter- and
intracellular relationship of the fungus to the host cell,
the fate of fungal structures and their effect on the
eixstence of the host cell have been studied with the
transmission electron microscope.
Root specimens were obtained from yellow poplar seedlings
collected in the field and from those that were started from
seeds. Some seedlings were also obtained from a commercial
nursery. Five treatments were used to test the effect of
cold upon seed germination as previously described. Seeds
which were cold treated at 30 F for 30 days or longer had
a greater germination percentage than those seeds which
were not cold treated. In this instance, the overwintering
process greatly enhanced seed germination. Young seedlings
that were started from seeds were examined at two week
intervals to ascertain the time of infection. Most seedlings
started from seeds showed early signs of infection about 12
weeks after germination. All of the seedlings examined were
showing infections 16 weeks after germination.
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For a mycorrhizae to form, a fungus must become
established within a root system or around the surface of
the root. Endomycorrhizal fungi enter the root by
penetrating the young rootlet. Direct penetration of the
epidermis by the fungus was not observed in this study.
However, the fungus was observed to penetrate the walls of
the outer cortical cells underlying the epidermis. Also,
a branched Intercellular hypha was observed to have affected
entry into several cells in the central cortex of the root.
To accomplish this it must produce the requisite enzymes to
dissolve the cell wall and intercellular substances, produce
considerable mechanical pressure, or involve a combination
of both mechanisms. After penetration the endomycorrhizal
fungus grows radically through the outer cortical cells and
becomes established in the inner cortical zone next to the
endodermis. The fungus is confined almost exclusively to an
intracellular existence as it moves across the root cortex.
Such a pattern of growth has not been conclusively demon¬
strated for all known endomycorrhizal fungi, however.
The endomycorrhizal fungus of L. tulipifera appears to
follow the pattern described. Observations made in this and
an earlier study by this investigator revealed that the
fungus becomes established and eventually colonizes a zone
of cells which completely encircles the stele. This
observation agrees with those of Gerdemann (1965) on the
distribution of Endogone in tulip tree roots. The factor
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or factors that regulate this pattern of distribution are
unknown. Why the fungal cells exhibit a greater affinity
for cells of the inner cortical zone is unexplained. A
reasonable postulation for this mode of behavior involves
a combination of two theories. In addition to a presumed
greater concentration of organic materials in the paren¬
chymatous inner cortical cells, this concentration of
substances being the result of phloem transport, the bio¬
chemical interaction between host and fungus that relates
to mineral ion exchange probably occurs in this zone.
Mycorrhizae are considered to mediate or aid in phosphate
availability and uptake by roots of host cells. The
proximity of the haustoria to the xylem of the root should
facilitate this uptake.
In yellow poplar, infection by vesicular-arbuscular
mycorrhizal fungi takes place during the first year of growth
as previously mentioned. It appears that penetration of cell
walls in the root cortex of yellow poplar involves a
combination of both mechanic and enzymatic activities.
Probably the cell wall is first weakened enzymatically and
the fungus simply pushes its way into the cell.
There is considerable disagreement, however, as to
which mechanism the fungus utilizes in order to enter the
cell. Some investigators believe it to be strictly a
mechanical process, others believe the process is entirely
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enzymatic, and still others believe it involves a combination
of both mechanisms. It is my belief, however, that the
fungus may utilize both mechanisms in effecting entry into
the host cell. In this study, it was noted that a bulge
occurs in the host cell opposite the point where contact is
made by a penetrating hypha. In addition, the tip of the
penetrating hypha became thickened. Also, at the point of
constriction of the infecting peg a ring-like deposit of
electron dense wall material accumulates.
It is interesting to note that the cells of the stele
are apparently never invaded by the fungus. Hyphae in
established mycorrhizae were abundant in the innermost
parenchyma cells of the cortex. As a result of the masses
of hyphae in these cells, they may increase in radial
diameter thereby causing enlargement of the root itself.
Haustoria may also cause the enlargement of root cells. In
some instances, root cells may rupture as a result of the
masses of hyphae and other fungal structures inside them.
Consequently, infected roots appear swollen and stubby as
opposed to the long, slender, threadlike appearance of
uninfected roots.
Prior to penetration, initial contact with the cell by
the fungus may induce cellular reactions. As previously
mentioned, when the fungus attempts to gain entry into the
cell, additional wall-like material builds up on the opposite
83
side of the cell wall. As the fungus penetrates the cell
wall, it becomes invested in this additional buildup of
material. When the hypha pushes its way further into the
interior of the cell, the host cell plasraalerama invaginates
around the invested hyphae and prevents direct contact
between the fungus and host cell cytoplasm. However, in
advanced stages of infection the plasmalemma may rupture and
direct contact between fungus and host cytoplasm takes place.
Remnants of the investing layer and plasmalemma were observed
around hyphal and haustorial profiles in heavily infected
cells. Although the qua:ntity and density of wall material
varied, fungal structures were always enclosed by host wall
material and cytoplasm regardless of their position within
the cell. The continuity of the wall layer enclosing the
fungus with the host primary cell wall and their nearly
identical texture and staining properties clearly indicate
that the investing layer is derived from the host.
It has been v/ell documented that some fungi produce
diffusable substances that cause disintegration of cellular
constituents. Similar actions were observed in infected
cortical cells of yellow poplar. A clear, translucent
Interspace was observed around and well in advance of
infecting hyphae. The cytoplasm of the infected cell
appeared less dense around the hyphae as opposed to the
denser, more granular nature of the cytoplasm where the
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fungus was not visibly present. It became apparent that
this substance which caused the deterioration of cell
constituents greatly enhances the ramification of infecting
hyphae throughout the cell interior. And, the concommitant
synthesis of host cytoplasmic components which surrounds
these hyphae results in the formation of smaller and more
numerous vacuoles in infected cells in comparison to the
large central vacuole characteristic of uninfected cells.
Haustoria, in addition to arbuscules, are presumed
absorptive organs of the fungus. It seems probable then
that most absorption between fungus and host cell occurs
in the electron translucent interspace between the fungus
and the host plasmalemma. This area is referred to as the
"zone of apposition.” The morphological details of the '
haustoria range from large, rounded structures which occupied
most of the cell lumen to long, slender structures becoming
globose towards the tip. The morphological details of the
arbuscules were obscured by the host cytoplasm which
surrounded these structures. Subtle morphological changes
were not readily apparent and couldn't be detected with host
cytoplasm present. However, arbuscules in a later stage of
digestion were identified by the irregularly shaped clumps
in the central portion of the cell.
Whether a fungus lives as a pathogen within the cortical
cells of a given rootlet is presumably determined by the
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biochemical interactions between fungus and host. It has
been suggested that, if the fungus becomes highly virulent
or metabolically irritable to the host cell, it may induce
the host to produce greater concentrations of inhibitory
substances and restrict further invasion, or enzyme systems
may be activated that cause deterioration of advancing
hyphae (Meyer, 1966), or other fungal structures. Such
defensive action by the host may slow and finally stop
further growth of the fungus, but never fully destroy it.
Consequently, enzyme and metabolic interactions of this kind
probably also determine the morphology of mycorrhizae, that
is, whether the fungus becomes established as endo-, ecto-,
or ectendomycorrhizae. Consequently, an equilibrium is
reached between host and fungus and a "symbiotic" relation¬
ship is maintained. Only in rare instances is the host
actually reported to destroy the fungus in endomycorrhizae
or force it to assume an extracellular existence. Likewise,
the fungus rarely, if ever, destroys the host cells.
Intracellular vesicles were observed in areas of
extensive hyphal development. No intercellular vesicles
were observed. They were small with thin walls and were
borne on slender, thredlike hyphae which transversed the cell.
Vesicles were only observed in those root cells that were
heavily colonized. According to Gerdemann (1969), inter¬
cellular vesicles may become so large that the surrounding
cells in the root cortex are crushed together.
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Spore development by the VA endophyte was observed in
the root cells of the yellow poplar. The spore producing
structure developed in a region of extensive fungal develop¬
ment. Spore production begins when a germ tube grows from
the base of the forked structure and comes into contact
with one of the hyphal arms of the structure. The spore
develops from the point of union of the two gametangia and
is borne from the larger of the two structures. The spore
observed resembled the chlamydospore of the VA fungi described
•by Gray (1969). The fungus appeared to be a species of
Endogone, probably Endogone mbsseae.
An interesting phenomenon occurred from the base of the
spore-producing structure. Branch hyphae grew out as an
extension of the base of this structure. The hypha grew
through the cell wall and out into the cytoplasm of the
adjacent cell. The hypha branched and the two strands began
to encircle a small portion of host cell cytoplasm. The
process continued until the portion of cytoplasm was complete¬
ly engulfed. No report of such activity by a fungus was
found in the literature. However, it seems most probable
that this form of crude engulfment of host cell cytoplasm
by the fungus facilitates the need for additional nutrients
during the reproductive phase of the life cycle.
Certain benefits are presumably enjoyed by both the
host and the fungus as a result of the intimate association.
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The fungus extracts nourishment from the host in the form
of carbohydrates, and, presumably, some other substances.
On the other hand, the presence of the fungal mycelium
in the soil, in addition to the host's root system, greatly
increases the uptake of water and essential minerals from
the soil. Mycorrhizal fungi also affect the population of
organisms in soil surrounding host roots and are reported
to actually protect rootlets from attack by pathogens
(Trappe, 1963).
As previously mentioned, infection by vesicular-
arbuscular endophytes induces some characteristic changes
in the host cell. Cells containing developing or mature
fungal structures showed an absence or reduction of starch;
an increase- in the abundance of cytoplasm in the cell; a
general increase in the size of the nucleus; and, infected
host cells contained additional amounts of endoplasmic
reticulum around haustoria.
Vesicular-arbuscular mycorrhizae are of particular
interest to botanists and scientists in general because of
their beneficial effect on plant growth and because of the
number of economically important forest trees and agricul¬
tural plants on which they occur. Consequently, a knowledge
of the endomycorrhizae of the yellow poplar has considerable
significance to forestry and horticulture. It can very likely
enhance survival of the species whether it is planted as a
part of a forest's ecosystems or as an ornamental.
CHAPTER VI
SUMMARY
Ultrastructural studies on the endomycorrhizae of the
yellow poplar have been conducted. The structural basis of
the host-parasite relationship has been studied with the
aid of the transmission electron microscope.
Root specimens were obtained from nursery grown
seedlings, seedlings collected in the field and those grown
from seeds. Of those seedlings that were started from seeds,
there was a definite correlation between cold treatment and
percent seed germination. Initial observations were made
with freehand sections. Most of the root systems examined
were infected with the vesicular-arbuscular type endomy¬
corrhizae.
Root specimens were surface cleaned and sterilized
according to standard procedures and 1-2 cm long segments
were excised and placed in a primary fixative, 3%
glutaraldehyde. Following fixation, the material was
dehydrated and embedded according to standard procedures.
Thin sections were prepared, mounted on grids, and stained
with uranyl acetate and lead citrate.
It appears as if the fungus enters the root by a
combination of mechanic and enzymatic activities. Root
segments that manifested strong macroscopic indications
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of mycorrhizal modifications exhibited extensive
colonization of the inner cortical cells by fungal hyphae.
Fungal hyphae were also found within cells in the outer
and central areas of the cortex. The fungus was found to
be primarily confined to an intracellular existence as it
moves across the root cortex, however, intercellular hyphae
v/ere observed. Fungal hyphae in the inner cortical cells
were twisted masses and appeared as densely stained clumps
of hyphae. Cortical cells which were heavily colonized
were commonly somewhat enlarged. The endodermis, stele and
meristem remained free of infection.
Upon entry into the cell, Infecting hyphae are enclosed
in a layer of host wall material. The plasmalemma of the
host cell invaginates around the invested hyphae as it moves
into the interior of the cell. The investing layer of host
wall material, the plasmalemma of the host cell, and an
associated band of host cytoplasm all serve to prevent
direct contact between the fungus and host cell cytoplasm.
In advanced stages of infection, however, the plasmalemma
may rupture and only vestiges of the investing layer may be
seen around fungal structures in the cell.
It seems apparent that the fungus produces some
substance that causes the disintegration of cellular
constituents. The cytoplasm around fungal structures in the
cell was fluid and translucent as opposed to the dense
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granular nature of cytoplasm where the fungus was not visibly
present. Host cell mitochondria when observed were always
in close proximity to infecting fungal structures.
It is apparent that the host cell exercises a system of
control over the fungus. Disorganized or degrading clumps
of fungal structures were observed in most cells as a
result of host cell reaction to the fungus. The host cell
thereby prevents its destruction but never fully destroys
the fungus.
Absorption by haustoria-and arbuscules presumably
takes place in the electron, translucent interspace called
the "zone of apposition" observed around fungal structures.
The haustorial apparatus was observed in a variety of sizes
and shapes in cells of the root cortex.
Vesicles were small, thin walled, intracellular
structures that caused no apparent damage to the cortical
cells. They were rounded structures produced on thread¬
like hyphae that transversed the cell.
Spore formation by the VA endophyte was observed in
the cortical cells of the yellow poplar. Its morphology
and mechanism of formation were found to be the same as
chlamydospores formed by species of Endogone. The endo¬
phyte closely resembled Endogone mosseae.
The value of these observations has been to facilitate
and substantiate interpretations of light microscopy
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photographs in studies of the structural nature of the
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